Characteristics of a micro bubble generator using a strong swirl jet were studied experimentally and numerically. Experiments were conducted by changing the nozzle diameter, the inflow pressure and the gas flow rate, systematically. For measurements of the bubble distribution function of PDF, a simple method using a light transmission was proposed. Principle of the method was based on changes of the light transmission due to the bubble rising to the surface of water. The bubble distribution measured by the method agreed well with that by a usual backlight method. In this study four non-dimensional parameters governing the micro bubble generation were adopted, that is, Weber number for the average diameter of bubbles, Reynolds number, the ratio of flow rate and the velocity ratio for the swirl jet. It was found that the relationship between Weber number and Reynolds number could be arranged with each velocity ratio as a parameter. An approximate experimental expression for the average diameter showed that the micro bubble diameter strongly depended on the axial flow velocity and the rotational speed of the swirl jet.
Introduction
Micro bubble is defined as an extremely small bubble, usually less than 100 µm in diameter, that can be uniformly distributed in a liquid. Recently micro bubble attracts much attention in many fields such as an activation effect of an aquatic cultivation by dissolved oxygen, water purification in sewage disposal (1) (2) , sterilization by mixture of ozone bubbles, and energy saving effect by the reduction of fluid friction for a tanker (3) .
In order to generate minuscule bubbles, some methods have been used, including a ventilation porous method using sintered metal, an orifice flow method, a swirling jet flow method, a high speed jet method, and a dissolving method (4) . Of these methods, the swirling jet flow method is widely used because of its simple mechanism and effectiveness for minute bubble generation. Generally in these applications, it is very useful to develop a micro bubble-generating device, where the peak of a bubble diameter distribution shifts to smaller bubble size, and uniform bubbles are produced efficiently. Therefore, elucidation of physical characteristic concerning micro bubble generation is widely required (5) .
The breakup characteristic of air bubble in turbulent flow field has been studied extensively, both theoretically and experimentally. A bubble diameter distribution has been calculated by the breakup frequency theory considering a turbulence dissipation energy factor (6)- (8) . In addition, air bubble behavior near a nozzle exit has also been studied to determine a rotating flow of an expansion flow field (9) (10) . The purpose of this study is to clarify the micro bubble characteristics of mean diameter and bubble diameter distribution in the swirl type micro bubble generator. The measurement of bubble diameter distribution is crucial, and we have a few methods. Usually a backlight method is used for the bubble diameter distribution, where a CCD camera with a microscope takes the images of bubbles illuminated by a backlight. But this method is a little complicated and lacks in efficiency, because the image expansion makes the view field narrow, and it is limited to a pinpoint measurement. A fair number of pictures are necessary for the image processing. Therefore, in this study a new type of measurement method, using the change of light transmission due to the rising of air bubbles, was proposed. Besides, an experimental similarity law for swirling flow bubble generation was examined by indicating data as dimensionless physical quantities.
Experimental apparatus and methods

Experimental apparatus
A schematic view of the experimental apparatus is shown in Fig.1 . This apparatus has a circulation system, in which water pressurized by a pump, flows into the micro bubble generator and returns to a water vessel. Figure 2 shows the detail of micro bubble generator, consisting of a swirl chamber and a cylindrical nozzle. The inner diameter of the entrance tube attached to the chamber was 10mm and a swirling flow was formed inside the bubble generator by an inflow of the water in a tangential direction along the inner wall. In the current study, nozzle length was set at L n =47.5mm. Three types of nozzles were used of which the inner diameters D were 7, 12, and 15mm, respectively. The entrance pressure P 0 added to the swirl chamber is fixed systematically in the range of 0.05~0.4MPa. Air gas was mainly supplied by a self-suction effect due to the negative pressure of the swirling flow, but when the flow rate was very small, it was supplied by air-pressurization. The rotating speed of swirling flow, which occurs inside the nozzle, was obtained from photographs of the air column rotation taken by a high-speed camera. 
Measurement method of bubble size distribution
The rising speed of the bubble of which diameter is smaller than 100 µm is slower than 7 mm/s. Therefore, if the water flow rate for the bubble generator is enough to stir water in the vessel, air bubble distribution may be uniform. Assuming that air bubbles in the water vessel are distributed uniformly while the air bubble generator is running, the air bubble distribution can be observed from the change of a transmission factor of a horizontal light beam accompanied by air bubble rising from the time pump stops. In Fig.3 , L is the light path length (L=3l in the case of twice reflection), s the effective light decreasing area for one bubble, and N the number density of the air bubbles, respectively. Supposing that change of transmitted light intensity I for incident light intensity I 0 follows Lambert-Beer's law, the intensity I is expressed as follows (11) . Here, the effective light-decrease area s is written using air bubble diameter d b and correction factor κ as follows.
Having substituted Eq.(3) to Eq.(2) and making it differential form for time t, the expression is
where dN / dd b indicates the air bubble distribution, and the time differential term dd b / dt means that air bubble group having the diameter of d b ～d b +dd b (the number is dN at the position H) passes within time dt.
Since the Stokes's resistance force for an air bubble rising to the surface in liquid is two thirds of the force for a solid sphere, the steady rising speed V of the bubble of diameter d b is given by the following expression (12) (13) .
where g is the gravitational acceleration and ν the kinematic viscosity.
The bubble rising speed V at the position H for the elapsed time t from the instance when the micro bubble generation stopped, is written by
Hence bubble diameter is expressed by Provability Density Function PDF is given by the division of the bubble distribution by the integrated value Nκ for the air bubble diameter, which is proportional to the total number of bubbles. Therefore, when the value κ is considered to be approximately constant for the bubble number density, the value hardly influences PDF. An average bubble diameter is calculated from PDF according to the next equation. figure 5 shows the change of the transmission factor for time, which are calculated based on the above PDF models. Calculation conditions are H=0.25 m, L=0.60 m, and three kinds of bubble number density N=200, 2000, 5000 cm -3 are adopted. Furthermore, in order to estimate the measurement error of 2%, the following suppositions have been made. The transmission factor lower than 0.02 holds constant value of 0.02, and the factor more than 0.98 holds constant value of 0.98, respectively. Since the bubble distribution in this model, has two peaks (A and B), the profile of transmission factor also has two-step changes. Peaks A and B in Fig.4 correspond to the marked time A and B in Fig.5 . Therefore, it can be seen that the bubble diameter is small when recovery time of the transmission factor I/I 0 is delayed like the peak A in Fig.5 .
A solid line in Figs. 4 (a)~(c) is the reconstructed PDF, which is calculated from Eq. (10) by using data in Fig.5 . When the calculation is performed with measurement error 0 % in the change of transmission factor, the reconstructed PDF accords naturally with the original one (dashed line), but if there is any measurement error of 2 % as mentioned above, a fairly large discrepancy occurs in reconstructed PDF depending on the number density of air bubbles N. If the transmission factor is near to the cut-off value 0.98, the bubble diameter distribution lacks a part of the small side as seen in Fig.4 (a) . However, if the transmission factor is near to the cut-off value 0.02, the bubble diameter distribution lacks a part of the large side as seen in Fig.4 (c) . When the bubble peaks appropriately exists in the transmission change like Fig. 4 (b) , it can be seen that the reconstructed PDF agrees well with the original profile.
Example of bubble distribution measurement
An example of PDF measurement obtained from a light transmission datum is shown in Figs.6 and 7. Figure 6 shows the He-Ne laser transmission change I/I 0 under experimental conditions of H=0.15 m, L=1.2 m, P 0 =0.2 MPa, D=7 mm, and the solid line in Fig.7 shows the PDF distribution. It is found that bubbles of diameter 40 µm~70 µm are generated most frequently. Water flow in the water vessel does not cease instantaneously when the pump stops. But the influence is minute except for the time just after the stop. If the light path length is long, vertical mean velocity of the fluctuating water flow approaches zero, and only the bubble rising velocity to the surface will be measured. The dot-line in Fig.7 indicates an example measured by the back light method, which was conducted under the same experiment condition as the solid line. The data was obtained from a direct measurement of a bubble diameter by taking 40 microscope pictures. We can see that both profiles agreed well with each other. The reason for the small difference between the back light method and the light transmission method is attributed to the difference in measuring: the light method measures a local point, while the light transmission method measures the averaged bubble distribution along the whole light path.
Similarity law for mean bubble diameter
The most vital portion concerning the bubble generation in the swirling jet method is the flow region around the jet exit vicinity, and physical quantities relating to the generation are average bubble diameter d m , liquid density ρ , kinematic viscosity ν, surface tension σ, jet diameter D, rotating angular speedω, jet flow velocity V and supplied gas flow rate q. As non-dimensional parameters of the physical quantity, we adopted the following expression.
where the left side is the Weber number We, which consists of the ratio between the outer and inner bubble pressure difference 4σ / d m and the jet flow dynamic pressure ρV 2 /2. The first parameter of the right side is the velocity ratio γ, second part the ratio of the volume flow rate λ, and the third part the Raynolds number Re, respectively, that is,
We , , λ γ = (13) Figure 8 shows the appearance of the bubble generation. The pressure for Fig.8(a) was 0.05 MPa, while 0.3 MPa for Fig.8 (b) . In each case the gas flow rate was 2.0 cm 3 /s. When the inlet pressure is low, the micro bubble separates from the uneven surface of the air column, which comes out of the nozzle exit by the weak swirl jet. When the pressure escalates, the air column thins down by the effect of the high-speed swirl, and the miniaturized bubble separates from the vicinity of the tip of air column. The N-S equation based on the k-ε turbulence model has been solved in order to understand the general outline of the swirled jet of the nozzle exit vicinity (14) . When the generated micro bubbles spread out uniformly like in Fig.8(b) , void fraction near the exit is estimated less than 0.5% from the flow ratio of the air-water. Consequently, the flow around the exit can be calculated as a single-phase flow. In the calculation the nozzle length is made to be 20 mm from the tip of air column to the nozzle exit. Figures 9, 10 and 11 show the three-dimensional calculation example of velocity vector distribution, pressure distribution, and the energy dissipation rate ε of turbulent flow for the coordinate of axial direction z and radial direction r, respectively. Here, only the calculating area of the upper side from the central axis is illustrated since the flow is axially symmetrical. The calculation conditions are D = 15 mm and Re = 2.9×10 4 . The axially inlet velocity is constant, and the tangential velocity in annular inflow is constant except for the air column of half diameter (D/2) where velocity is zero. The flow near the inlet is strongly influenced by the calculation conditions, but the notable aspect of the flow near the exit nozzle does not vary as much. The main stream flows resembling the shape of an umbrella due to the high speed swirling. A forced vortex (rotation speed 220 rps) appears inside the nozzle but for the nozzle entrance and the wall vicinity. Moreover a counter flow is formed inside and outside the nozzle since the negative pressure occurs around the nozzle axis. The counter flow phenomenon could be experimentally confirmed by using the coloring liquid injection method and the tuft method. It is found that the energy dissipation rate ε is large near the edge of the nozzle exit. The equation for the limit to the breakup of the bubble is written as (6) , (14) Even if ε is very large as 10 4 m 2 /s 3 , a bubble of less than critical diameter d c (104µm) can not break up due to the influence of surface tension. Accordingly, it is thought that most micro bubbles are generated by separation from the surface of the rotating air column, not by breakup of a bubble. Table 1 shows the nozzle diameter D, the entrance pressure P 0 , the outflow speed V, the rotation number n, the speed ratio γ, and the averaged bubble diameter d m , respectively. As the pressure P 0 increases, rotation number n of the swirl becomes extremely high, and at the same time, the flow velocity from the nozzle V also increases largely. As a result, the value γ varies little and it almost depends on only the nozzle diameter D. Figure 12 shows the relationship between Weber number We and Reynolds number Re. The data of solid lines are the present experimental results, and dashed lines are the experimental results given by Iwano et al (5) . It is found that the relation of We and Re is arranged well for each parameter of speed ratio γ, and that in the case of the same value of γ, the We number becomes large as Re number increases. The results are influenced minutely by the ratio of volume flow rate λ within a range less than 0.025. As an approximate relation between We and Re, we apply the expression of We = c Re 1.5 , where c is a proportional constant depending on only speed ratio γ. In addition, the relationship between γ and c can be approximately expressed as follows. Equation (16) means that it is necessary to decrease the jet flow velocity V and increase the rotating angular velocity ω in order to generate finer micro bubbles. This result suggests that the bubbles are miniaturized if the bubbles remain in the turbulent flow field for extended period of time through the process where the bubble separates from the air column surface.
Results and discussion
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Conclusions
The simple measurement method of micro bubble distribution using the light transmission was proposed and the characteristic of micro bubble generation of the swirled jet system was investigated experimentally and theoretically. As a result, the following conclusions were derived.
(1) Bubble size distribution and average bubble diameter could be quickly measured by the proposed transmission method. (2) The average bubble diameter of the micro bubbles of the swirled jet system was arranged well by Weber number, Reynolds number and the velocity ratio of a swirl jet flow. (3) Based on the obtained experimental empirical formula for the average bubble diameter, it was found that the parameters of the axial flow velocity and the rotating angular velocity strongly influenced the minimization of bubbles. 
